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ABSTRACT
As the human population continuously increases, habitat transformation due to urban
expansion is inevitable, affecting many wildlife species. Birds have become a frequently used
model species for studying the effects of urbanization on wildlife populations due to their
environmental sensitivity and ease of observation. While previous studies have investigated
changes in species richness and abundance related to urbanization, there is a need for more
broad-scale studies geographically associating changes in bird diversity and urban expansion.
Through the use of extensive bird census data and high-resolution digitized land use data, this
study revealed that species richness, diversity, and evenness within count circles all had
significant positive correlations over the 40- year period but no significant pattern directly
related to urbanization, suggesting an unidentified independent variable. These results will
facilitate implementation of more developed avian and environmental management strategies
in the state of Tennessee.
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CHAPTER I
INTRODUCTION
Impacts of Land-Use Change on Avian Communities
Since the spread of early human settlements, the environment has been altered through
various types of land-use. While agriculture is the most spatially extensive form, urban areas
are the most ecologically damaging and intensely growing (Partecke et al., 2006; Sushinsky et
al., 2013). Urban environments are typically characterized by buildings, roads, and other
impervious, artificial infrastructure (Evans et al., 2018; Lowe et al., 2011). The effects of habitat
transformations caused by urbanization vary geographically and taxonomically based on factors
such as expanse of development, human population density, and amount of native green space
incorporated (Chace & Walsh, 2006; Fuller et al., 2008; Ikin et al., 2013). As the human
population continuously increases, habitat transformation due to urban expansion is inevitable,
affecting many wildlife species (Gagné & Fahrig, 2011; Ikin et al., 2013; Miller & Hobbs, 2002;
Silva et al., 2015).
Urbanization causes profound changes in ecosystems through habitat loss and
fragmentation, changes in vegetation structure and food supply, and introduction of non-native
species (Chace & Walsh, 2006; Ikin et al., 2013; McDonnell & Pickett, 1993; Zhou & Chu, 2012).
There are benefits for some species, such as warmer microclimates in winter and
anthropogenic food sources, however, this typically results in a select few species thriving while
1

others decline (Partecke et al., 2006; Silva et al., 2016). This process of nonrandom filtering
attributed to species varied levels of adaptation success drives a wide array of negative impacts
on native species. Ultimately resulting in biotic homogenization, simplified communities, and
increases in non-native species invasion (Chace & Walsh, 2006; McDonnell & Pickett, 1993; Silva
et al., 2016; Zhou & Chu, 2012).
As urban research has progressed, birds have become a frequently used model species
for studying the effects of urbanization on wildlife populations due to their environmental
sensitivity and ease of observation (Blair, 1996; Gagné & Fahrig, 2011; Mills et al., 1989;
Ormond et al., 2014). Numerous studies have found bird communities to be negatively
impacted by the various effects attributed to an urban landscape. Blair (1996) categorized bird
species’ environmental sensitivity as “urban avoiders”, “suburban adaptable”, and “urban
exploiters”. Typically, the urban exploiters thriving in a city are generalists, omnivores and
granivores, while urban avoiders are specialists requiring food and nesting habitats that an
urban environment cannot provide (Blair, 1996; Croci et al., 2008; Evans et al., 2011). This
ongoing process of replacing many different species with a few widespread and abundant
species leads to extreme declines in species richness, diversity, and ultimately biotic
homogenization of bird communities, particularly in urban cores (Marzluff, 2005; Miller &
Hobbs, 2002). Studies supporting this have found that simplified bird communities in urban
areas are more similar to each other around the globe than bird communities within adjacent
natural areas (Blair, 2004; Groffman et al., 2014; McKinney, 2006).
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Introduced by Connell (1978), the intermediate disturbance hypothesis suggests that
species richness increases with intermediate frequency or intensity of habitat disturbance until
it begins to negatively affect communities, causing decline. Studies done by Blair (1996) support
this hypothesis, showing highest species diversity in moderately disturbed areas when
compared with undisturbed and highly developed areas. While there is an increase in species
richness, the effects of human disturbance are complex. This increase in species richness at
intermediate levels is partially due to the addition of non-native and exotic species (Gagné &
Fahrig, 2011; Macgregor-Fors & Ortega-Álvarez, 2011; Murthy et al., 2016; Pautasso, 2007).
These species typically show higher abundance and biomass in areas when compared to the
local species competition (Blair, 1996; Chace & Walsh, 2006; Lepczyk & Warren, 2012;
McKinney, 2006; McKinney & Lockwood, 1999; Mills et al., 1989).
Urbanization has continued to be a leading cause for decline in over half of the listed
species under the Endangered Species Act (Barber et al., 2010; McKinney, 2006; Miller &
Hobbs, 2002; Smith & Chow-Fraser, 2010). Threats to wildlife transcend political and physical
boundaries; changing climate, water sheds, and introducing invasive species (Barber et al.,
2010; Langham et al., 2015). The persistence of many species is dependent on environmental
change and research is needed to determine the proper balance between urban and natural
areas. Detecting broad scale patterns of population changes in bird communities while
incorporating environmental factors, such as urban impacts, is essential to achieve sound
conservation strategies and implement effective policies (Link et al., 2006; Miller & Hobbs,
2002).
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Importance of Citizen Science
The most efficient way to collect large volumes of data for extensive analyses is by
utilizing citizen science; science using volunteers that collect and sometimes process data as
part of a scientific project (McCaffrey, 2005; Silvertown, 2009). The process of citizen science
has been present throughout several centuries, but did not gain traction in the field of ecology
until recently (Newman et al., 2017; Silvertown, 2009; Sullivan et al., 2014). This increase is
driven by a number of factors, such as technology, public education, and resources. As
technology has progressed, the value of citizen science has become more apparent. Compiling
data from the public and extracting data for research is increasingly easier with computerassociated advancements (Gardner et al., 2017; Sauer & Link, 2011; Sullivan et al., 2014).
Participation in citizen science has shown to have a positive influence on conservation
through public education (Dickinson et al., 2010). Participants are able to gain knowledge
throughout the process on scientific method, their study topic, and the world around them.
This is invaluable when building a relationship between the scientific community and the public.
Increased appreciation for the environment is apparent when creating better management
strategies, seen through the development of conservation ethics in the community and the
public support for conservation and management efforts (Dunn et al., 2005; McCaffrey, 2005;
Miller & Hobbs, 2002).
Since its emergence, citizen science has continually been a free source of skilled labor
for researchers. This realization has motivated scientists to take advantage of these resources
(McCaffrey, 2005; Silvertown, 2009). The public volunteers their time to collect data, often
paying for their own travel expenses for the opportunity to participate; an expense researchers
4

would have otherwise needed to put forth. Using data from multiple citizen scientists also
allows for data from a wide geographic and temporal range that would be unavailable without
their effort (Bonney et al., 2009; Donnelly et al., 2014).
Many studies have begun to utilize these large sets of citizen science data, commonly
referred to as the “Big Data Approach” (Kelling et al., 2015). This has allowed ecological
researchers to harness valuable data on species’ distribution over wide ranges and long spans
of time (Pimm et al., 2014). Much of our current knowledge on avian populations has
developed from models based on data collected through long-term citizen science surveys,
such as the Breeding Bird Survey (BBS) and Christmas Bird Count (CBC) (Link et al., 2006; Sauer
& Link, 2011).

Audubon’s Christmas Bird Count
Beginning in December of 1900, a New York ornithologist, Frank Chapman developed
the idea to change the traditional Christmas event of hunting birds to the more conservation
oriented tradition of counting birds. During the first year of his project, 27 people at 25
different sites participated to count 90 different species. Each year more volunteers have
participated in what has become known as the Christmas Bird Count (Butcher, 1990), now
managed by the National Audubon Society. The most recent count (118th CBC) covered 2,585
circles with 76,987 observers counting 59,242,067 birds (LeBaron, 2018).
Survey circles are located across most of North America, creating a huge spatial expanse
of data. Through space and time, the CBC is the longest running and most extensive survey of
bird populations, as well as one of the largest and longest running citizen science efforts in the
5

world (Niven et al., 2004; Silvertown, 2009). Each survey occurs within a 15- mile diameter
count circle, on one day between December 14th and January 5th. Participants survey sections
of each circle by group and may observe by foot, automobile, or watching a feeder (Butcher &
Niven, 2007; Francis et al., 2004).
While there are constraints related to the variation in CBC methodology over the years,
such as counting effort among sites and through time, the methodology has been relatively
stable since 1965 (Link & Sauer, 1999). Controlling for effort in analyses and investigating data
since this time period allows for increased reliability that population changes observed are
actual changes and not due to methods in counting of birds (Butcher & Niven, 2007; Gardner et
al., 2017; Link & Sauer, 1994).

Problem Statement
There is a reoccurring pattern in previous research, showing the negative relationship
between avian species richness and urban environments (Blair, 1996; Gagné & Fahrig, 2011;
Miller & Hobbs, 2002; Silva et al., 2015). The analysis of these relationships has become
considerably more practical with extensive bird census data available and, in more recent years,
high-resolution digitized land-use data (Gardner et al., 2017; Sauer & Link, 2011). The United
States Geological Survey’s National Land Use Cover Database is a primary source for collecting
habitat information. These data can then be easily associated with survey locations using
Geographic Information Systems (Link et al., 2006).

6

While previous studies have investigated changes in species richness and abundance
related to urbanization, there is a need for more broad-scale studies geographically associating
changes in species diversity and urban expansion. This study examines changing bird diversity in
relation to change in urban extent using data from Audubon’s Christmas Bird Count, and United
States Geological Survey’s land-use coverage data over a period of 40 years throughout the
state of Tennessee. Results of this study will facilitate implementation of more developed avian
and environmental management strategies in relation to urban environments.

Goal and Objectives
The goal of this study is to evaluate the relationship between change in avian diversity
and change in urban extent through GIS mapping of long-term citizen science data and land-use
cover data. Through this study I:
(1) Developed and analyzed models that characterize the relationship between changing
bird diversity and growing urban extent over the last 40 years using avian citizen science data
and geographic information systems.
(2) Illustrated broad impacts over a large geographic region and large span of time.
(3) Incorporated the untapped resource of citizen science avian data into GIS mapping,
allowing users to quickly and visually comprehend the ecological changes on bird communities
due to urbanization.
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CHAPTER II
METHODS
Study Area
The study site covers the state of Tennessee. In general, the state has a temperate
climate. However, Tennessee’s topography varies greatly in its 440 miles length, creating a wide
range of climatic conditions depending on location (Tennessee Climatological Service, Accessed
2017). When discussing the geography of Tennessee, it is often partitioned into six
physiographic regions: (1) Blue Ridge: the most eastern region characterized by high mountains,
(2) Appalachian Ridge and Valley: characterized by fertile valleys and wooded ridges, (3)
Appalachian (Cumberland) Plateau: characterized by flat topped mountains and sharp valleys,
(4) Highland Rim: an elevated plain surrounding the Nashville basin, (5) Nashville Basin:
characterized by rich, fertile farm country, (6) Gulf Coastal Plain: extending from the Tennessee
River, and is part of a larger geographic area that begins in the Gulf of Mexico and extends into
Illinois. It is characterized by rolling hills, streams, lowlands and floodplains, and is the largest
physiographic region in the state (Griffith et al., Accessed 2017) (figure 2.1).
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Coordinate System: WGS 1984
Projection: Mercator Auxiliary Sphere
Source: USGS, EPA, TDEC

Figure 2.1 Map showing six physiographic regions of Tennessee

Data Sources
Avian Data
All data necessary for this study are readily available online, at no charge from the
National Audubon Society. All raw avian data for Tennessee count circles from 1976 to 2016
were accessed through the “Historical Results by Count” section of the Audubon Society’s web
application (National Audubon Society, Accessed 2017).

Land Cover Data
The United States Geological Survey (USGS) began their Landsat missions in 1972 with
the launch of Landsat 1. This satellite included a multispectral scanner to acquire images from
1972-1978 using 4 spectral bands, at an 80-meter resolution, and an 18-day revisiting period.
With identical technology, Landsat 2 was launched in 1975 and in use until 1983. In addition to
the Multispectral Scanners, Landsat 4 and 5 added 7 additional thermal bands. Landsat 4 was in
use from 1982 to 1993 and Landsat 5 remained active from 1984 to 2013.The USGS launched
9

Landsat 8 in 2013 and is currently still in use today. This satellite includes an operational land
imager to provide images using 9 spectral bands at a 30-meter resolution for bands 1-7 and 9
and a 15-meter resolution for panchromatic band 8, with a 16-day revisiting period (MultiResolution Land Cover Consortium, Accessed 2017). Imagery from Landsat missions are readily
available online, at no cost, through the USGS. All land use and urban extent data were
extracted from the remote sensing images of the Landsat mission satellites. Detailed satellite
specifications are given in Appendix A.

Creating JavaScript application: Diversity Index Analysis
In order to efficiently utilize the extensive amount of Christmas Bird Count data for an
overall analysis, I had an experienced software engineer create a JavaScript application to
extract, parse and analyze the historical data gathered from Audubon’s site. A previous project
acquired from the public platform GitHub (https://github.com/rgeraldporter/audubon-cbc-cli)
was used to reformat the original CBC data sheets downloaded into a more readable format.
The application then uses the reformatted data sheets to extract the most valuable information
and calculate the diversity and evenness index values using the Shannon-Wiener Index of
Diversity formula and Pielou’s Evenness Index formula (table 2.1). All backend coding was
created with the JavaScript platform Meteor, using Visual Studio Code.
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Table 2.1 Statistical formulas and variables used in analysis application
Shannon-Wiener Index of Diversity (H’)

- ilni

Pielou’s Evenness Index (J’)

H’/ H max

i

proportion of species relative to total species

S

total species

H max

ln(S)

When using the application, a list of all count circles found in Tennessee between the
years of 1976 to 2016 are displayed. Each count circle is associated with a download button
that will give you a CSV file containing the following data for that specific count circle: all years
active within time frame, total birds per party hour, total species, Shannon-Wiener Index of
Diversity (H’), maximum value possible for diversity (H-max), Pielou’s Evenness Index, five most
abundant bird species, five least abundant bird species, ratio of native species, ratio of nonnative species and count circle coordinates. If there is an inactive survey year for the count
circle, it will not appear on the output sheet. There is a text box located below the list of count
circles where you may enter any year between 1976 and 2016 to download a CSV file for data
on all count circles present within a specific year. The file contains all of the previously
mentioned information for each of the count circles present within that year. If a circle was not
active in the year searched, it’s count circle code will be present but the row will appear blank.
The CSV files for each count circle and years from 1976-2016 were downloaded via the
JavaScript application created and the data provided was then used for the analysis to compare
changes in avian diversity with changes in urban extent over the 40-year period.
11

In addition, there is a section listing each avian species that have been recorded in the
40-year period. This allows for CSV downloads of individual species containing all previously
mentioned data relating to that species and count circle. I used this for downloading files when
analyzing specific non-native and native species.

Mapping Urban and Non-Urban Land Cover
Satellite Imagery Retrieval
I acquired all satellite imagery for the years 1976, 1981, 1986, 1996 and 2016 through
the United States Geological Survey site “GloVis” (United States Geological Survey, Accessed
2017). Through this website, I downloaded raw satellite data in the form of TIFF files. The
location, year and appropriate Landsat satellites were specified when searching for the files. In
order to maintain consistency and see as much urban landscape as possible, I chose files from
leaf-off dates (January to March). Within individual years, if possible, I chose files from the
same day or same month. It took a minimum of approximately 11 raster datasets to cover the
area of Tennessee.
I downloaded National Land Cover Data (NLCD) for years 1992, 2001, 2006, and 2011
from the “Multi-Resolution Characteristics Consortium (MRLC)” site created as a joint effort
between multiple federal agencies (Multi-Resolution Characteristics Consortium, Accessed
2017). These data were originally acquired from the Landsat satellites, processed with an
unsupervised classification method and an accuracy assessment by the MRLC. These maps are
only available for download in nationwide form and only for the years 1992, 2001, 2006, and
2011. It is not advised to directly compare the 1992 map product via direct change detection
12

analysis with other years due to changes in classification methods. For this research, I felt it
appropriate to use all provided years as I was reclassifying into more general groups and not
performing a direct change detection analysis between years.

Pre-processing
The TIFF files acquired through “GloVis” were extracted. Each containing the separate
bands of satellite imagery. Using the “Layer Stack” feature in Erdas Imagine Software (Erdas), all
bands were stacked in sequential order to form a multi-resolution image. I repeated this
process for all TIFF files downloaded for each year. I then gave all multi-resolution raster data a
visual assessment to determine any cloud coverage or missing data. If the raster data was not
suitable it was removed and new raster data from another day was downloaded to cover the
area.
After all necessary raster data were approved, they were subset by avian count circle
area. Using the “Table to Table” tool in ArcGIS software (ArcGIS), all data sheets acquired from
the JavaScript application for mapping years were input to create a geodatabase table. The “XY” tool was then used to insert the coordinate information contained in the tables. The “Buffer”
tool was used to create a circle around each coordinate equivalent to the bird survey area (15
miles in diameter). I then used the “Extract by Mask” tool to extract the survey areas from each
raster.
All NLCD raster data went through the same process to extract the avian count circle
areas.
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Rectification and Restoration
In ArcGIS, I re-projected land data into GCS WGS 1984 to match the coordinate system
of the avian count circles. All land data were also resampled to 60 x 60 meter to match the
lowest resolution raster data for comparison.

Classification
Three-class thematic raster data showing urban development, non-urban and water
were created from extracted count circles. Only the 12 count circles that were present all 9
mapping years were used. Using the “Unsupervised Classification” tool in Erdas, individual
count circles for years 1976, 1981, 1986, 1996, and 2016 were classified into 36 classes via an
unsupervised K-means clustering algorithm. After the unsupervised classification, individual
count circles were visually assessed and classes were merged using the “reclassify” tool in
ArcGIS to create the three-class thematic raster data.
NLCD data were previously processed and classified by MRLC into 21 classes for 1992
and 20 classes for 2001, 2006, and 2011 based on the Anderson Land Cover Classification
System (Anderson et al. 1976). Extracted count circle areas from each of these years was
reclassified into urban, non-urban, and water using the “reclassify” tool in ArcGIS, based on the
descriptions of each class provided.
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Post-processing
Accuracy assessments have previously been performed on all NLCD data. The accuracy
assessments pertain to each region of the United States as a whole (i.e. Eastern United States)
and should not necessarily be considered as accurate for any subdivision of the whole (United
States Geological Survey, Accessed 2017). However, for the purposes of this study the use of
their data was appropriate along with the previous accuracy assessments.
To perform accuracy assessments on all other years, shapefiles of training coordinates
with known classifications were created based on continuous data. Three coordinates per circle
were chosen: one water, one urban, and one non-urban. After classifying into 3-class thematic
maps, the coordinate shapefile was inserted and all training coordinates were determined to be
correctly or incorrectly classified. The reference values and calculated values were entered into
a confusion matrix to calculate an overall percent of accuracy for each year (table 2.2).

Table 2.2 Accuracy assessment results performed on years without NLCD data
Year

% Accuracy

1976

88.6

1981

85.7

1986

91.4

1996

91.4

2016

91.4
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Incorporating Avian Data into Mapping
Avian Data Retrieval
The JavaScript application was created to extract and analyze the data into more
meaningful units for this research. All CSV data sheets acquired from the CBC “Historical Results
by Count” pages were run through the application to organize and calculate the diversity
indices and related information. CSV files containing the calculation results were then
downloaded through the application.

Data Insertion
Each CSV file was inserted into ArcGIS via “Table to Table” tool. Once inserted, the “X-Y”
tool was used to create coordinates for all the survey locations within each year.

Interpolation
Once coordinates were created, an Inverse Distance Weighted (IDW) interpolation was
chosen. IDW is a deterministic method to create values of unknown sample sites using a linearly
weighted combination of the surrounding known measurements (ESRI, Accessed 2018). I chose
this method because it does not create values that have not already been sampled; the highest
value found is the maximum and the lowest found is the minimum. As we are working with bird
diversity values, this seemed to be most appropriate to minimize errors in predicted diversity
values. Previous bird diversity research has also found this to be a reasonable method (Abdi &
Nandipati, 2009).
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A predictive model of avian diversity over the state of Tennessee was created for 1976,
1981, 1986, 1992, 1996, 2001, 2006, 2011, and 2016. First, the “Subset Features” tool in the
“Geostatistical Analyst” toolbox was used to subset the count circle coordinates into 90%
training and 10% test data. The “IDW” tool was then run using the training data points with the
following parameters: z-field set to “H’” (Shannon-Wiener Index of Diversity), default settings
for cell size, power level 2, and a polyline barrier created in the shape of Tennessee’s boundary.

Enhancements
All maps were then classified using manual break points and assigned a color so values
would be comparable over time. For example, the lowest range was 0.26-0.56, colored dark
red, and the highest range was 2.66 – 2.96, colored dark green. Each range increased by 0.30. If
a map does not contain a value that falls within a range, that color is not present on the map.
After I performed each interpolation, the thematic count circle layers were added on
top of the diversity model for the state of Tennessee. Around each count circle a buffer was
layered and set to hollow with a bold outline. This was for aesthetic reasons, and more
importantly, a way to include all of the valuable information associated with each count circle in
each map. Each buffer, created from coordinates, contains all the associated information for
that year’s survey location and can be viewed in the attribute table (figure 2.5). Some
Tennessee count circles overlap a portion into other states; these state boundaries were added
into maps for identification.
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Post-processing
An accuracy assessment was performed on each of the IDW predictive models. The
shapefile of test data coordinates was incorporated into the IDW map and the “Extract Values
by Points” tool was used to gather the predicted diversity values at these locations. The
observed values were taken from the field survey data at each of the same locations. All Root
Mean Square Error (RMSE) values can be seen in table 2.3.

Table 2.3 RMSE values for IDW interpolation accuracy assessment performed on each year
Year

RMSE

1976

0.175905296

1981

0.259974243

1986

0.085357622

1992

0.10371608

1996

0.363788138

2001

0.242803421

2006

0.211503614

2011

0.25585461

2016

0.159371019
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Statistical Analysis
Count Circles Used
To eliminate count circles with a lack of data over the study period, I chose only count
circles present for a minimum of 30 years for the statistical analysis. The remaining 18 count
circles were used throughout the analysis when evaluating trends in avian data: TNBI, TNBR,
TNCH, TNCL, TNCO, TNCV, TNEL, TNGS, TNHI, TNHP, TNKN, TNME, TNNA, TNNL, TNNO, TNRL,
TNRM, TNSA.
Out of the aforementioned 18 count circles, 12 count circles were present for each year
of urban data collected. The following 12 count circles were used in evaluating trends with
avian and urban data: TNBR, TNCH, TNCL, TNEL, TNGS, TNHI, TNHP, TNKN, TNME, TNNA, TNRL,
TNRM.

Software and Model Type
I performed all statistical analyses in SAS 9.4 analytical software using the “PROC
MIXED” function to perform linear mixed-effects models with repeated measures and an alpha
level of 0.05. This method was chosen to account for the random effects of the same survey
locations observed at different points in time, as we cannot assume independence, and the
fixed effects of the explanatory variables. The method of estimation for covariance parameters
was set to maximum likelihood.
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Data Transformations
An arcsine transformation was applied to proportion data that did not meet the
assumptions of normality and homogeneity of variance.

Avian Diversity and Urban Growth Analysis
First avian diversity and urban growth were analyzed separately. I analyzed avian
diversity as a dependent variable over time with three separate measures: species richness,
Shannon-Wiener Index of Diversity, and Pielou’s Evenness Index (table 2.2). I analyzed
proportion of urban area within count circles as a dependent variable over time. To confirm
consistency in urban data, I looked at supervised map years and NLCD map years separately
and then combined. In order to directly relate avian diversity and proportion of urban area,
three analyses were performed using species richness, Shannon-Wiener Index of Diversity, and
Pielou’s Evenness Index as dependent variables of urban proportion and time.

Non-native Species Analysis
I performed an analysis to assess the trend of all non-natives in Tennessee over time, as
a group and individually for each of the species as follows: European Starling (Sturnus vulgaris),
House Sparrow (Passer domesticus), House Finch (Haemorhous mexicanus), Rock Pigeon
(Columba livia), Eurasian Collared-Dove (Streptopelia decaocto).
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Native Species Analysis
I performed an analysis to assess the trend of seven selected native species in
Tennessee over time. The following species were chosen based on their wintering presence in
Tennessee: Golden-Crowned Kinglet (Regulus satrapa), Ruby-Crowned Kinglet (Regulus
calendula), Swamp Sparrow (Melospiza georgiana), White-Throated Sparrow (Zonotrichia
albicollis), Red-Bellied Woodpecker (Melanerpes carolinus), Yellow-Bellied Sapsucker
(Sphyrapicus varius), and Hermit Thrush (Catharus guttatus).
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CHAPTER III
RESULTS
Avian Diversity
In each diversity analysis, there is a notable amount of variation between the data and
fitted regression line due to the large number of total data points from 18 count circles, present
for 30 to 40 years (n= 689 data points). All diversity models are shown to have a Chi Square
value of p<.0001 when assessing the significance of model fit; the diversity models are
significant. A significant F statistic for species richness over time (p<.0001) (figure 3.1),
Shannon-Wiener Index of Diversity (H’) over time (p<.0001) (figure 3.2), and Pielou’s Evenness
Index (J’) over time (p<.0001) (figure 3.3) allows me to reject the null hypothesis and conclude
that the independent variable of time reliably predicts the dependent variables of diversity. The
positive slopes of each line give the rate of increase over time. Species richness, diversity, and
evenness increased over time during the 40-year study period.
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Figure 3.1 Linear mixed-effects regression model with repeated measures of species richness at
18 avian count circles over the state of Tennessee from 1976-2016 (n= 689 data points)

Figure 3.2 Linear mixed-effects regression model with repeated measures of Shannon-Wiener
Index values at 18 avian count circles over the state of Tennessee from 1976-2016 (n=
689 data points)
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Figure 3.3 Linear mixed-effects regression model with repeated measures of Pielou’s Evenness
Index values at 18 avian count circles over the state of Tennessee from 1976-2016 (n=
689 data points)

Urban Growth
Analyzing the relationship between urban growth over time using a linear mixed-effects
regression model with repeated measures of arcsine transformed proportions of urban area
over time resulted in significant positive relationships when looking at all years (1976, 1981,
1986, 2001, 2006, 2011, and 2016) (figure 3.4). This is also true when subdividing into years
that underwent supervised classification by myself (figure 3.5) and years that were originally
classified by the NLCD (figure 3.6). With an F statistic p-value of <.0001 for each urban growth
analysis, I can reject the null hypothesis and conclude that there are significant positive
correlations between urban growth and time.
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Figure 3.4 Linear mixed-effects regression model of arcsine transformed proportions of urban
area over time from 12 classified count circles (1976, 1981, 1986, 1992, 1996, 2001,
2006, 2011, 2016) (n= 108 data points)

Figure 3.5 Linear mixed-effects regression model of arcsine transformed proportions of urban
area over time from 12 count circles that underwent supervised classification (1976,
1981, 1986, 1996, and 2016) (n= 60 data points)
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Figure 3.6 Linear mixed-effects regression model of arcsine transformed proportions of urban
area over time from 12 count circles that were originally classified by the NLCD (1992,
2001, 2006 and 2011) (n= 48 data points)

Avian Diversity and Proportion of Urban Area
I analyzed the relationship between avian diversity and the proportion of urban area
while controlling for the effect of time. Using a mixed-model multiple regression, I looked at
relationships of diversity measures (species richness, Shannon-Wiener Index of Diversity, and
Pielou’s Evenness Index) with urban area and time for all count circles with urban data. No
diversity measures had significant results with urban area and all diversity measures had
significant results with time (table 3.1). Three dimensional graphs were made using Sigma Plot
software to visualize the patterns (figures 3.7, 3.8, 3.9).
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Table 3.1 Linear mixed-mixed effects regression models: diversity measure versus urban area
and year
Diversity Measure

x Urban

x Year

Species Richness

p = 0.1914

p = 0.0238

H’

p = 0.6640

p = 0.0017

J

p = 0.6932

p = 0.0008

Figure 3.7 Three-dimensional graph of avian species richness versus arcsine urban proportion
and year
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Figure 3.8 Three-dimensional graph of diversity (H’) versus arcsine urban proportion and year

Figure 3.9 Three-dimensional graph of evenness (J’) versus arcsine urban proportion and year
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Non-Native Species
Relative abundance of all non-native species of Tennessee, in all count circles present a
minimum of 30 out of 40 years, were analyzed using a linear mixed-effects regression model
(figure 3.10). The results failed to reject the null with a p-value (0.0629) above the alpha level
(0.05). To further investigate any significant relationships, analyses on individual non-native
species were performed using linear mixed-effects regression models, with the exception of
House Finch that required a polynomial mixed-effects regression model. As the EurasianCollared Dove was not present in any count circles until 1994, I restricted the analysis range to
begin at 1994 to prevent a zero-inflated result.
No statistically significant result is seen for European Starling (p=0.4229) (figure 3.11). A
significant negative correlation is seen for House Sparrow (p<.0001) (figure 3.12), while a
significant positive correlation (p<.0001) is seen for Eurasian Collared Dove (figure 3.13) and
Rock Pigeon (figure 3.14). A significant cubic relationship is seen in House Finch (p<.0001)
(figure 3.15).
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Figure 3.10 Linear mixed-effects regression model of all non-native species over time (19762016) (n= 689 data points)
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Figure 3.11 Linear mixed-effects regression model of European Starling over time (1976-2016)
(n= 689 data points)
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(Arcsine) Species Relative Abundance
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Figure 3.12 Linear mixed-effects regression model of House Sparrow over time (1976-2016) (n=
689 data points)

Figure 3.13 Linear mixed-effects regression model of Eurasian-Collared Dove over time (19762016) (n= 409 data points)
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(Arcsine) Species Relative Abundance
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Figure 3.14 Linear mixed-effects regression model of Rock Pigeon over time (1976-2016) (n=
689 data points)

Figure 3.15 Polynomial mixed-effects regression model of House Finch over time (1976-2016)
(n= 689 data points)
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Native Species
Relative abundance of 7 species native to Tennessee, in all count circles present a
minimum of 30 out of 40 years, were analyzed individually using linear mixed-effects models
with repeated measures. Statistically significant results were not found for the Golden-Crowned
Kinglet (p=.9425) (figure 3.16) or Swamp Sparrow (p=.0984) (figure 3.17). Highly significant
positive correlations (p<.0001) are seen for Hermit Thrush (figure 3.18), Red-Bellied
Woodpecker (figure 3.19), and Yellow-Bellied Sapsucker (figure 3.20). A significant positive
correlation is seen for Ruby-Crowned Kinglet (p=.0105) (figure 3.21). A highly significant
negative correlation is seen for White-Throated Sparrow (p<.0001) (figure 3.22).
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Figure 3.16 Linear mixed-effects regression model of Golden-Crowned Kinglet over time (19762016) (n= 689 data points)
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Figure 3.17 Linear mixed-effects regression model of Swamp Sparrow over time (1976-2016)
(n= 689 data points)
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Figure 3.18 Linear mixed-effects regression model of Hermit Thrush over time (1976-2016) (n=
689 data points)
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Figure 3.19 Linear mixed-effects regression model of Red-Bellied Woodpecker over time (19762016) (n= 689 data points)
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Figure 3.20 Linear mixed-effects regression model of Yellow-Bellied Sapsucker over time (19762016) (n= 689 data points)
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Figure 3.21 Linear mixed-effects regression model of Ruby-Crowned Kinglet over time (19762016) (n= 689 data points)
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Figure 3.22 Linear mixed-effects regression model of White-Throated Sparrow over time (19762016) (n= 689 data points)
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Illustrative Maps
In total, nine maps were created to visualize the changes in avian diversity and urban
growth over time in Tennessee (figure 3.23-figure 3.31). Each map displays a predictive model
of avian diversity over the entire state, created via IDW interpolation accompanied by a colored
key corresponding to the Shannon-Wiener Index of Diversity value representing avian diversity.
Using dark red representing areas of lower diversity graduating to dark green representing
areas of higher diversity, the trends between years can be visualized.
A total of 108 survey circles, 12 present each year, are layered over top of the diversity
data. I classified each count circle into a 3-class map displaying urban, non-urban, and water
areas within the survey perimeter.
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Coordinate System: WGS 1984
Projection: Mercator Auxillary Sphere

Figure 3.23 1976: IDW interpolation of avian diversity and 3-class avian count circles,
Tennessee, United States. Inset of classified count circle located in Chattanooga,
Tennessee
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Coordinate System: WGS 1984
Projection: Mercator Auxillary Sphere

Figure 3.24 1981: IDW interpolation of avian diversity and 3-class avian count circles,
Tennessee, United States. Inset of classified count circle located in Chattanooga,
Tennessee
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Coordinate System: WGS 1984
Projection: Mercator Auxillary Sphere

Figure 3.25 1986: IDW interpolation of avian diversity and 3-class avian count circles,
Tennessee, United States. Inset of classified count circle located in Chattanooga,
Tennessee
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Coordinate System: WGS 1984
Projection: Mercator Auxillary Sphere

Figure 3.26 1992: IDW interpolation of avian diversity and 3-class avian count circles,
Tennessee, United States. Inset of classified count circle located in Chattanooga,
Tennessee
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Coordinate System: WGS 1984
Projection: Mercator Auxillary Sphere

Figure 3.27 1996: IDW interpolation of avian diversity and 3-class avian count circles,
Tennessee, United States. Inset of classified count circle located in Chattanooga,
Tennessee
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Coordinate System: WGS 1984
Projection: Mercator Auxillary Sphere

Figure 3.28 2001: IDW interpolation of avian diversity and 3-class avian count circles,
Tennessee, United States. Inset of classified count circle located in Chattanooga,
Tennessee
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Coordinate System: WGS 1984
Projection: Mercator Auxillary Sphere

Figure 3.29 2006: IDW interpolation of avian diversity and 3-class avian count circles,
Tennessee, United States. Inset of classified count circle located in Chattanooga,
Tennessee
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Coordinate System: WGS 1984
Projection: Mercator Auxillary Sphere

Figure 3.30 2011: IDW interpolation of avian diversity and 3-class avian count circles,
Tennessee, United States. Inset of classified count circle located in Chattanooga,
Tennessee
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Coordinate System: WGS 1984
Projection: Mercator Auxillary Sphere

Figure 3.31 2016: IDW interpolation of avian diversity and 3-class avian count circles,
Tennessee, United States. Inset of classified count circle located in Chattanooga,
Tennessee
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CHAPTER IV
DISCUSSION AND CONCLUSION
GIS Mapping
The mapping results of this study can be used to improve public comprehension of
changes in urban extent within survey locations and avian diversity over the state of Tennessee.
It should be noted that the classified maps in this study created from NLCD maps were
previously processed for an extensive period of time by employees of the United States
Geological Survey and other partnered federal agencies (Yang et al., 2016). This may have
resulted in more accurate classifications for mapping years using NLCD data compared to years
created by a combination of unsupervised and supervised classification during this study.
In addition, the IDW interpolation method used to create estimates of diversity values
throughout Tennessee is one of multiple interpolation methods. Spline and Kriging
interpolation are two other common methods that were considered for this study. As
mentioned previously, IDW was chosen based on its range limit for predicted values between
the minimum and maximum diversity values known. IDW makes the assumption that known
points closest to predicted points have more influence (ESRI, Accessed 2018). This may not be
accurate when assessing avian diversity. It would be beneficial to explore more advanced
techniques, such as Kriging, to predict diversity across the state, as well as, inclusion of other
abiotic and biotic factors in the estimation process (Granger et al., 2015).
47

Avian Diversity
Concurrent with many recent studies and statistics on urban growth around the world,
urbanization is shown to increase over time at all count circle locations in Tennessee (Chen et
al., 2014; Seto et al., 2012; Wang et al., 2012; Zhang & Seto, 2011). Species richness, diversity,
and evenness within count circles all had significant positive correlations over the 40- year
period as well. However, when analyzing these changes of diversity directly to proportion of
urban area, with year as a covariate, there was no significant pattern in relation to urbanization.
This suggests a positive trend in these avian indices over time, not in relation to urbanization,
presumably being influenced by variables not addressed in this study. It is important that the
lack of correlation between increased urbanization and avian diversity has been established,
while positive trends in bird populations over time have been revealed, so that potential
influential factors can be addressed. It is also imperative to understand when interpreting these
results that urbanization in this study refers to impervious surfaces detected through GIS.
Urbanization is complex and can modify many parts of the environment that are not addressed
in this study, such as atmospheric composition, hydrological systems, and nutrient cycles
(Alberti et al., 2001; Bridgman, 1995; Rosenzweig et al., 2008).
Previous studies investigating the effects of urbanization on bird communities have had
mixed results (Evans et al., 2018; Ormond et al., 2014). These results may be due to differing
methodologies or differing unaddressed factors within the complexity of urban effects on bird
communities (Pautasso, 2007). A common approach since Blair (1996) is to assess effects via an
urban gradient (Crooks, 2002). These studies have found an increase in species richness at
moderate levels of urbanization with lower species richness at the extreme ends of the urban
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spectrum (Beninde et al., 2015; La Sorte et al., 2014; Miller et al., 2007; Schulze et al., 2004; Sol
et al., 2014). This is consistent with Connell’s (1978) intermediate disturbance hypothesis,
which suggests this relationship is due to disturbance allowing less competitive species to
coexist until disturbance is too high and only the species able to adapt will dominate. A slightly
different take on this hypothesis is McDonnell’s (1993) theory that species richness will peak at
intermediate levels due to high biotic limitations at the rural end of the gradient and physical
limitations at the urban end of the gradient (Blair, 2004; Blair, 1999; Catterall, 2009; Crooks et
al., 2004; Marzluff, 2005; Sorace, 2001; Tratalos et al., 2007).
Studies directly comparing both ends of an urban gradient typically reveal higher species
diversity and richness in natural areas compared with the most urban areas, while bird
abundance and density increase with urbanization (Blair, 1999; Chace & Walsh, 2006; Germaine
et al., 1998; Sandström et al., 2006; van Heezik et al., 2008). However, cities have been found to
support a high diversity of birds when compared with less disturbed areas in other studies
(Coetzee & Chown, 2016; Fuller et al., 2008). Increased species richness in cities is often
attributed to an increase in non-native or invasive species (Chace & Walsh, 2006; Ward et al.,
2018) while increased bird abundance is attributed to a few species that are able to exploit the
resources in an urban area and thrive, whether they be native or non-native (Crooks et al.,
2001; de Lima et al., 2013; Evans et al., 2011; McKinney, 2006; Murthy et al., 2016). Needless to
say, changes in bird communities under increasing land use are variable and depend on a
variety of factors (Coetzee & Chown, 2016; Fairbanks, 2004; McKinney, 2002; Shochat et al.,
2006; van Rensburg et al., 2009).
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While the previous studies have looked at the relationship between land use and avian
species, they have often had temporal and spatial limitations that my study did not (Callaghan
et al., 2018). The use of citizen science paired with GIS has allowed for a much broader view as
opposed to the previous confined studies, allowing us to see population trends in relation to
urbanization through a wider lens. While our results do not show a relationship with urban
area, the results are consistent with previous research that have analyzed nationwide and/or
eastern regions of the United States for population changes in individual species and in species
richness, revealing positive trends (Butcher & Niven, 2007; Langham et al., 2015; McDonald et
al., 2012; Niven et al., 2004; Soykan et al., 2016). Research has shown anthropogenic
correlations in relation to changes in land-use patterns that may not have been revealed in our
study by investigating impervious surface alone (Crooks, 2002; McKinney & Lockwood, 1999;
Sitters et al., 2016). Supplementary food in urban areas, urban greenspaces, successful species
conservation and environmental laws have all shown to have significant effects on avian species
and populations (Callaghan et al., 2018; Schwartz, 2008; Ward et al., 2018).
Urban environments provide supplementary food sources such as agricultural waste,
garbage, urban mammals and most notably, bird feeders (Chace & Walsh, 2006; Marzluff 1997;
Ward et al., 2018; Wilcoxen et al., 2015). Additional food resources are vital for some species
during the cold winters when naturally found resources have been depleted (Chace & Walsh,
2006; Horn et al., 2003; Root, 1988). Studies have shown an increase in relative abundance of
native and non-native species in relation to bird feeder access and increased winter survival
(Brittingham & Temple, 1992; Chamberlain et al., 2005; Clergeau & Vergnes, 2011; Pierret &
Jiguet, 2018). Supplementary food increases winter survival directly by providing nutrients and
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indirectly by decreasing migration patterns (Kluza et al., 2000; Wilson, 1994). This provides the
opportunity to produce offspring during the following breeding season (Robb et al., 2008);
effectively changing abundance and distribution of species (Bock, 1975; Kluza et al., 2000;
Wilson, 1994).
Urban greenspaces are often shown to be oases of critical importance to bird diversity
when investigating avian relationships with urbanization (Chace & Walsh, 2006; McKinney,
2008). Diversity metrics are commonly predicted by the quality of greenspaces to explain much
of the variation (Callaghan et al., 2018). Characteristics of quality consist of greenspace area
(Callaghan et al., 2018; Dale, 2018; Khera et al., 2009), vegetation richness and diversity (Chace
& Walsh, 2006; Chong et al., 2014; Evans et al., 2009; Ikin et al., 2013), vegetation structure
(Morelli et al., 2018; Zhou & Chu, 2012) and presence of water bodies (Chamberlain et al.,
2007). Avian diversity within individual cities have shown relationships with the abundance of
native vegetation (Aronson et al., 2014; Chace & Walsh, 2006; Paker et al., 2014; Parsons et al.,
2003) and total area of the city (Fuller & Gaston, 2009).
Callaghan et al. (2018) conducted a recent study using GIS and “eBird” citizen science
data to investigate avian diversity in 112 urban areas across the globe. Results showed the most
significant influence on urban avian diversity was the size of an urban greenspace, supporting
the species-area relationship theory (Macarthur & Wilson, 1963; Williams, 1943). However,
Callaghan et al. (2018) noted that habitat quality is still important; small high-quality
greenspaces can support high avian diversity while large low-quality sites may have low
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diversity (Holtmann et al., 2017). This study also revealed that the habitat within the
greenspace was more important to diversity levels than the habitat mixed within the urban
landscape, further solidifying the importance of greenspaces within urban environments to
support biodiversity (Callaghan et al., 2018).
Birds have become free from persecution in most urban areas where they were
previously seen as a nuisance, contributing to the education and development of conservation
practices within communities (Dunn et al., 2005; Miller & Hobbs, 2002; Ward et al., 2018).
There have been notable conservation efforts that have revived populations of threatened
species, such as the peregrine falcon and the eastern bluebird (Natural Resources Conservation
Service & Wildlife Habitat Council, 2007; Green et al., 2003). In addition to species-specific
efforts, laws have been put in place that have benefited avian populations throughout the years
of this study, such as The Clean Air Act, The Water Act, The Endangered Species Act, and the
Migratory Bird Treaty Act (Environmental Protection Agency, Accessed 2019).
While avian species may benefit from humans and urban areas in some respects, there
are a number of negative effects on populations that should be addressed. Some species have
adapted to have a symbiotic relationship with humans, which may appear to be a natural
occurrence of evolution (Johnston, 2001; Martin & Clobert, 1996; Partecke et al., 2006; Smith &
Chow-Fraser, 2010). However, there are two main issues with synanthropic species: (1) only
select species are able to adapt to urban environments while others are replaced by these
species and (2) evolution cannot keep up with the rate at which urbanization is increasing
(Johnston, 2001; McKinney, 2002; Partecke et al., 2006; Smith & Chow-Fraser, 2010).
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The species that thrive in an urban environment are typically generalists and omnivores,
often non-native (Chace & Walsh, 2006; Coetzee & Chown, 2016; Murthy et al., 2016; Zhou &
Chu, 2012). This can increase species richness and diversity in urban areas due to the increase
of functionally generalist non-native or native species (Evans et al., 2018; Ikin et al., 2013; Pauw
& Louw, 2012). In other words, diversity increasing in our study area could be at the cost of
specialist species, creating lower functional diversity in urban areas (Coetzee & Chown, 2016;
Evans et al., 2011; Shochat et al., 2006; van Rensburg et al., 2009). In order to assess at some
level whether the results were affected by this phenomenon, I analyzed the abundance of all
non-native species in Tennessee as a group and at a species level. I then chose seven native
species that winter in Tennessee to assess their population status over the 40-year period.
All non-native species in Tennessee covered in this study have often been addressed in
other research as being well-adapted to urban environments, synanthropic avian species and
generalists (Chace & Walsh, 2006; Crooks, 2002; Marzluff, 2001; Murthy et al., 2016).
Surprisingly, nonnatives as a group did not reveal any consistent pattern over time. This lead to
further analysis of the individual species for population trends.
As urban areas often favor doves, it was not surprising to see that the Eurasian-Collared
Dove and Rock Pigeon showed a significant increase in abundance over the time period (Chace
& Walsh, 2006; Marzluff, 2001; Murthy et al., 2016). While results for European Starling were
not significant, they were often the most abundant species recorded in count circles over the
40-year period, specifically in count circles based around major cities. The House Sparrow,
considered one of the most successful species in an urban environment (Chace & Walsh, 2006;
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Crooks, 2002), are significantly declining throughout Tennessee based on my results. This is
consistent with previous research addressing major changes in agricultural practices that
negatively affect the House sparrow, among other species, as farmers have intensified row
crop, replacing small grain and hay crops (Erskine, 2006; Joyce et al., 2018; VanBeek et al.,
2014; Ward et al., 2018).
Most interesting, the House Finch results reveal in increase in abundance from around
1980 into the mid to late 1990’s before decreasing and subsequently increasing in later years.
These results are consistent with major life history events associated with the House Finch. The
House Finch was introduced in the North Eastern United States, spreading down into Tennessee
by 1972 with the first breeding pair recorded in 1980 (Hill, 1993). By the late 1990’s, the House
Finch eye disease epidemic had spread into Tennessee, effectively decreasing the population by
about 60% in the entire eastern United States (Cornell Lab of Ornithology & Bird Studes
Canada, Accessed 2019; Pflaum, 2017). Revealing these trends, that are consistent with
previous studies and life histories, through the use of CBC data further solidifies the importance
for using citizen science data and the accuracy of CBC data to assess long-term population
dynamics.
Native species abundance varied, with increases seen in the Yellow-bellied Sapsucker,
Hermit Thrush, Ruby-crowned Kinglet and Red-bellied Woodpecker and a decrease in the
White-throated sparrow. Previous research investigating these species has also revealed
increases in wintering Hermit Thrush, Ruby-crowned kinglet, and Red-bellied Woodpecker
populations in North America (Niven et al., 2004; Sauer et al., 2004). These abundances over
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time reveal patterns but not answers as to why these trends are occurring. This may be due to
actual population growth in areas or, as suggested by a growing amount of research, wintering
populations shifting northward due to a warming climate (McDonald et al., 2012; Niven et al.,
2004; Sauer et al., 2004).
McDonald et al. (2012) used Breeding Bird Survey data to determine a significant
northward shift of avian diversity in the eastern United States in relation to increasing regional
winter temperatures from 1966-2010. Other studies have also concluded that birds are
expanding their ranges upwards in elevation and towards the poles in response to temperature
changes (Camille & Gary, 2003; Hitch & Leberg, 2007). Some species of birds have been shown
to effectively “track” climate change by changing life history characteristics by advancing
nesting dates, increasing survivorship and reproductive success (Frederiksen et al., 2004;
McCarty, 2001; Moe et al., 2009; Møller et al., 2008). At a community level, it has also been
suggested that regional increases in indices such as species richness and diversity occur due to
high diversity communities shifting into comparatively low diversity communities, possibly as a
result of climate change (Davey et al., 2012; Devictor et al., 2007).
According to average temperatures extracted from the National Oceanic and
Atmospheric Administration database, Tennessee’s average January temperature has steadily
increased over the 40-year period of this study. While bird distributions have shown to be
directly affected by their thermal environments (Root, 1988; Zuckerberg et al., 2011), it is
plausible that the increases in native abundance, species richness, diversity, and evenness could
be results of a northward shift in wintering bird populations into Tennessee. However, further
research is needed to determine if the findings from this study are evidence of a relationship
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with aspects of climate change and bird populations in surrounding areas. In addition, it would
also be valuable to investigate specific species traits to determine whether the increase in
diversity throughout Tennessee is resulting in decreased functional diversity, thus creating
more homogenized bird communities.
Globally, urbanization is projected to continually increase along with population size
(Lawler et al., 2014; Seto et al., 2012). Understanding the impacts of inevitable land-use
changes on species richness, abundance, and biodiversity is of great importance in order to
create effective conservation and management strategies for our future (Cadotte et al., 2011;
Cardinale et al., 2012; Coetzee & Chown, 2016; Mayfield et al., 2010; Mori et al., 2013). While
the environmental factors and interactions may be complicated, increasing technology along
with citizen science data allows us to look at patterns over larger temporal and spatial scales
than ever before and gives way to new methods for determining the future of avian
communities.
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Landsat Satellite Specifications
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Satellite(s)
Landsat 1
July 23, 1972- January 6, 1978
Landsat 2
January 22, 1975- July 27, 1983

Landsat 3
March 5, 1978- September 7, 1983

Landsat 4
July 16, 1982- December 14, 1993
Landsat 5
March 1, 1984- January 5, 2013

Landsat 6
October 5, 1993 (did not achieve orbit)

Sensor Technology
3 cameras operating in the following spectral
bands:
RBV: Band 1 Visible blue-green (475-575 nm)
Band 2 Visible orange-red (580-680 nm)
Band 3 Visible red to Near-Infrared (690-830
nm)
MSS: Band 4 Visible green (0.5 to 0.6 μm)
Band 5 Visible red (0.6 to 0.7 μm)
Band 6 Near-Infrared (0.7 to 0.8 μm)
Band 7 Near-Infrared (0.8 to 1.1 μm)
Six detectors for each spectral band provided
six scan lines on each active scan
Ground Sampling Interval (pixel size): 57 x 79
meters
RBV: System used 2 cameras mounted sideby-side with panchromatic spectral response
and higher spatial resolution (40 m) to
complement multispectral coverage provided
by MSS
MSS: Band 4-7 identical to previous
Band 8 Thermal (10.4 to 12.6 μm)
Ground Sampling Interval (pixel size): 57 x 79
meters
RBV: no longer in use
MSS: identical to Landsat 1 and 2
TM: Band 1 Visible (0.45-0.52 μm) 30 m
Band 2 Visible (0.52-0.60 μm) 30m
Band 3 Visible (0.63-0.69 μm) 30m
Band 4 Near-Infrared (0.76-0.90 μm) 30m
Band 5 Near-Infrared (1.55-1.75 μm) 30m
Band 6 Thermal (10.40-12.50 μm) 120m
Band 7 Mid-Infrared (IR) (2.08-2.35 μm) 30 m
Ground Sampling Interval (pixel size): 30 m
reflective, 120 m thermal
RBV, MSS: no longer in use
ETM (TM now enhanced): Band 1-7 Identical
to Landsat 4
Band 8 Panchromatic (PAN) (0.52-0.90 μm)
15 m
Ground Sampling Interval: identical to
Landsat 4 & 5
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Landsat 7
April 15, 1999- present

Landsat 8
February 11, 2013- present

ETM+: Bands 1-5,7,8 identical to Landsat 6
Band 6 thermal (10.40-12.50 μm) 60m
Low/High Gain
Group Sampling Interval: 30 m reflective, 60
m thermal
On-board calibration added
ETM+: no longer in use
OLI: Band 1 Visible (0.43-0.45 μm) 30 m
Band 2 Visible (0.45-0.51 μm) 30 m
Band 3 Visible (0.53-0.59 μm) 30 m
Band 4 Red (0.64-0.67 μm) 30 m
Band 5 Near-Infrared (0.85-0.88 μm) 30 m
Band 6 SWIR 1 (1.57-1.65 μm) 30 m
Band 7 SWIR 2 (2.11-2.29 μm) 30 m
Band 8 Panchromatic (0.50-0.68 μm) 15 m
Band 9 Cirrus (1.36-1.38 μm) 30 m
Band 10 TIRS 1 (10.6-11.19 μm) 100 m
Band 11 TIRS 2 (11.5-12.51 μm) 100 m

All data in Appendix A retrieved from Multi-Resolution Land Characteristics Consortium
(Accessed 2017).
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